We compared the use of wet and dry two-dimensional electrophoresis (2-DE) gels for in-gel tryptic digestion and subsequent analysis by mass spectrometry, first using bovine serum albumin (BSA) as a model protein and then using unknown proteins from an extract of the silkworm midgut. The gel was either dried at 80 C or left wet. Upon analysis of BSA, there was little difference in peptide recovery from 2-DE or in mass spectrum between the dry and the wet gels. The midgut extract was resolved into more than 1,100 protein spots by 2-DE, and 40 of these spots were sampled for further analysis. For all of the 40 proteins, the results obtained from dry and wet gels were quite similar in mass spectra and protein identification, although the relative amounts of peptides from tryptic digestion ranged from 45 to 146%. Based on these results, we confirmed the utility of dry electrophoretic gels for proteomics of insect extracts.
The physiology of an insect is greatly altered during development from the embryo to the adult. For example, the complete metamorphosis exhibited by an insect such as the silkworm involves drastic changes. Many researchers have made an effort to answer questions about how physiological and biochemical mechanisms are responsible for these changes. A variety of factors involved in the changes are, however, dependent on tissue and/or time. A thorough understanding of these mechanisms requires comprehensive study. In this context, proteomics by the peptide mass fingerprinting (PMF) method using two-dimensional electrophoresis (2-DE), in-gel digestion with trypsin, matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS), and database searching is one of the more powerful tools used to identify various proteins rapidly and to monitor their changes.
1-5) After 2-DE of a sample, PMF is usually continued using an intact wet gel. In general, a complete analysis rarely requires only a single gel from a 2-DE, and many gels are usually required from a series of 2-DE; analysis of trace amounts of protein also requires many gels from repeated 2-DEs of identical samples. It is thus worthwhile to consider drying the wet gel and storing it as a dry gel. The dry gel is more suitable for long-term storage to avoid contamination, and is more easily handled. In addition, a dry gel is less fragile than a wet gel. The use of dry gels thus improves the efficiency of proteomics by the PMF method. For example, silverstained protein bands in dry gel were reported to be analyzed even after storage for several years. 6) There are a few reports dealing with the validity of using a dry gel. 7, 8) Nevertheless, from these reports, we were able to acquire only a limited knowledge of drying effects, such as unfavorable chemical modifications. Practical use of a dry gel, therefore, requires detailed comparison of the results obtained from dry and wet gels at various steps. The aim of the present study was to confirm the utility of dry gel by examining any deviations from the use of wet gel. For this study, bovine serum albumin (BSA) was used as a standard protein, while an extract from the silkworm (Bombyx mori) midgut was used as a mixture of unknown proteins.
Materials and Methods
Reagents. Unless otherwise noted, all chemicals were of the highest analytical grade. Pharmalyte Immobiline DryStrip (18 cm, pH 3-10) and Pharmalyte (pH 3-10) were from Amersham Pharmacia Biotech AB (Uppsala, Sweden). A Sequazyme peptide mass standard kit was obtained from PerSeptive Biosystems (Framingham, Massachusetts, U.S.A.). Reductively methylated porcine trypsin was of sequencing grade from Promega (Many To whom correspondence should be addressed. Fax: +81-92-624-1011; E-mail: fujii@agr.kyushu-u.ac.jp Abbreviations: BSA, bovine serum albumin; MALDI-TOF MS, matrix-assisted laser desorption/ionization-time of flight mass spectrometry; PMF, peptide mass fingerprinting; 2-DE, two-dimensional gel electrophoresis nheim, Germany). 2D-protein markers for pI 4-7 and a test mixture for pI 3-10 determination were from Daiichi Pure Chemicals (Tokyo, Japan) and Serva Electrophoresis (Heidelberg, Germany) respectively. Buffer A was composed of 8 M urea, 2 M thiourea, 4% CHAPS, 0.03 M DTE, and 2% Pharmalyte (pH 3-10). A protease inhibitor cocktail was composed of 3 mM EDTA, 1 mM PMSF, 0.5 mM pepstatin, 0.5 mM leupeptin, 0.02 mM chymostatin, and 0.05 mM DFP.
Silkworm and midgut extracts. Silkworm larvae (p50 strain) maintained at the Institute of Genetic Resources of Kyushu University (Fukuoka, Japan) were reared on mulberry leaves. Unless otherwise noted, all extraction and sample processing procedures were done at 4 C. At the 5-th instar, the posterior midgut was dissected in 0.75% NaCl, blotted on filter paper, and immediately frozen with liquid nitrogen. Frozen midguts thus prepared were stored at À80 C and used for preparation of midgut extracts by the following method: frozen midguts were suspended in buffer A containing 20 mM Tris and protease inhibitor cocktail, sonicated several times for 20 sec each, and centrifuged at 15;000 Â g for 15 min. Protein amounts in the resulting supernatant was measured using the Bio-Rad protein assay kit and BioRad 550 microplate reader, and the protein concentration was adjusted to about 10 mg/ml. The supernatant was stored at À80 C until use.
2-DE.
2-DE was essentially done by the method of Goerg et al. 9) Proteins in a gel were visualized by a modified silver stain method 10) and digitized at 1020 Â 1024 pixel resolution using a Canon Powershot A20 digital camera. Detection, matching, and quantitation of protein spots based on staining were done with PDQuest software (Huntington Station, New York, U.S.A.).
11)
The molecular masses and pIs of proteins in a gel were also determined with the software. Mass and pI markers were used as internal standards. Dry gels were prepared by the following method: a stained gel was held between two Bio-Rad cellophane sheets and incubated at 80 C for 2 h under a vacuum. In this report, an intact gel without this drying procedure is designated wet gel.
In-gel tryptic digestion. Protein spots were excised from gel. A piece of gel was also excised from a proteinfree region and used as a control to identify peptides by autoproteolysis of trypsin. The spots excised from dry gel were re-hydrated with water for 5 min at room temperature, and cellophane film was then detached with a forceps. In-gel tryptic digestion of a protein in the piece of gel was done by the method of Shevchenko et al., with minor modifications. 10) Overnight digestion at 37 C was done with a solution containing 0.1 g trypsin (50 mM ammonium bicarbonate). The resulting peptides were extracted from the gel by the method of Mádi et al., 12) and the amounts were evaluated by measuring absorbance at 215 nm. 13) The relationship between the absorbance and the amount of peptide was obtained by measurements using known amounts of BSA.
MALDI-TOF MS and database search. MALDI-TOF MS was done with a Voyager-DE PRO Biospectrometry workstation MALDI-TOF (Applied Biosystems, Foster
City, California, U.S.A.). The workstation was operated in positive-ion linear mode with the following parameters: 20 kV accelerating voltages, 95% grid voltage, 100 ns extraction delay, and 500 m=z low mass gate. An aliquot (one l each) from the in-gel tryptic digestion was mixed with one l of 10 mg/ml cyano-4-hydroxycinnamic acid (35% acetonitrile and 0.1% trifluoroacetic acid). Measurements were calibrated externally and internally with a Sequazyme Peptide Mass standard kit and peptides by autoproteolysis of trypsin, respectively. Peaks detected by mass spectrometry were subjected to a SWISS-PROT database search by MS-Fit software (http://prospector.ucsf.edu). Proteins were identified by MALDI peptide mapping by the method of Shevchenko et al.
5)

Results
PMF of BSA Buffer A containing various amounts (1-10 g) of BSA was resolved by 2-DE. In every gel, a single spot was stained at the same position with an apparent molecular mass of 66.2 kDa and a pI of 5.5. The gels were stored at room temperature for a week by either one of the following methods: wet gels were immersed and stored in water, whereas dry gels were prepared by drying at 80 C, and stored under dry conditions. Protein spots were then excised and subjected to tryptic digestion. Recovery from the in-gel digestion of wet gels was compared with that from rehydrated dry gels. Recovery of peptides from wet and dry gels increased with the amount of BSA. These changes were almost independent of differences in procedures; 15.0%, 28.7%, and 81.8% of 0.1, 1.0, and 10 g of BSA respectively were recovered from the wet gels, and 10.0%, 21.9%, and 79.1% of 0.1, 1.0, and 10 g of BSA respectively were recovered from the dry gels. Further comparisons were done using gels from 2-DE of 10 g BSA. Wet and dry gels were prepared by quadruple 2DEs for each gel. Spots from the resulting eight gels were excised, digested by trypsin, and subjected to MALDI-TOF MS analysis. The MS of the wet gels gave spectra similar to that of the dry gels, and peak positions were close to each other (Fig. 1) . We compared the quality of the spectra from the wet gels with that from the dry gels in terms of S/N ratio and peak resolution, averaging data from four gels each. The S/N ratios of seven peaks were greater than 250 (Fig. 2) . Comparing the data from the principal peaks with each other, the difference in S/N ratios between peaks from wet and dry gels was detected at two masses. At 1639 m=z, the S/N ratio was notably improved by using dry gel, whereas at 1907 m=z, the 2-DE of BSA (10 g each) was done in a Pharmalyte Immobiline DryStrip with Pharmalyte (pH 3-10), and then in a 15% polyacrylamide gel (24 Â 24 cm) with a solution containing Tris, glycine, and SDS. BSA was detected by the modified silver stain method. Gels thus prepared were stored as either wet gel (A) or dry gel (B), and then subjected to in-gel tryptic digestion. The resulting polypeptides were analyzed by MALDI-TOF MS. Peaks from autocatalysis of trypsin are labeled ''T''. S/N ratio and resolution of peak obtained from MALDI-TOF MS described in the legend of Fig. 1 were plotted. A and B, wet gels. C and D, dry gels. S/N ratio from dry gels was one fourth of that from wet gels. Resolutions of all peaks from wet gels were quite similar to those from dry gels (Fig. 2) . Since only a slight difference in mass spectra between wet and dry gels was detected, both of these sets of data on peptide mass were subjected to searches in the SWISS-PROT protein database. The searches were done considering various modifications of amino acid residues and using the following parameters: minimum number of peptides to match = 10; maximum number of missed tryptic cleavages = 1; peptide mass tolerance = AE1 Da. The search resulted in 29 entries for all of the top five matches. MOWSE scores for the first entries of wet and dry gels were 1:6 Â 10 6 and 3:0 Â 10 6 respectively. The scores of the second entries of wet and dry gels were 1:2 Â 10 4 and 2:0 Â 10 4 respectively. Theoretical fragments of BSA were matched to 18 of 18 peptides from wet gel and to 19 of 20 peptides from dry gel. Finally, the matched peptide fragments covered 55% (337/607 amino acids) and 56% (344/607 amino acids) of the BSA sequence from wet and dry gels respectively. These results indicate that the drying of a 2-DE gel of BSA affects neither peptide map profiles nor protein identification. We found no credible evidence that uncommon protein modification or protein decomposition occurred as a result of drying a gel.
PMF of silkworm proteins
To confirm the utility of using a dry gel for PMF analysis of silkworm proteome, proteins extracted from the posterior midgut of silkworm larvae were analyzed under similar conditions to those for the analysis of BSA. The proteins (total 150 g) were resolved by 2-DE. In the resulting gel, more than 1,100 spots were stained (Fig. 3) . Gels thus prepared were subsequently subjected to either the dry or the wet gel handling procedure. Forty spots showing different extents of The midgut protein extract (150 g) was subjected to the 2-DE described in the legend of Fig. 1 . Proteins were detected by the modified silver stain method. Circular marks with numbers indicate the 40 spots sampled for further analysis.
Fig. 4. Comparison of Amounts of Peptides from Digestion and
Extraction between Dry and Wet Gels. 2-DE and MALDI-TOF MS were done by the methods described in the legends of Figs. 1 and 2 . Peptides extracted after in-gel tryptic digestion were measured by absorbance at 215 nm. Relative amounts (ordinate) were calculated by dividing the amounts of peptides from dry gel by those from wet gel.
staining, molecular mass, and pI were selected and excised. These spots are numbered in Fig. 3 . All the spots were subjected to in-gel tryptic digestion and the resulting peptides were extracted. For each spot, the amounts of the peptides from wet gels were compared with those of dry gels. The relative amounts of peptides, namely the value of (amounts from dry gel)/(amounts from wet gel) ranged from 0.453 to 1.46, and the average value was 0.936 (Fig. 4) . For all of the 40 spots, MALDI-TOF MS spectra of tryptic digests from the dry gel were similar to those from the wet gel (data not shown). The results from the MALDI-TOF MS analysis were then searched in a SWISS-PROT protein database.
There was only a slight difference in the sequence coverage and in the numbers of matching peptides between the wet and dry gel procedures (Table 1) . Finally, there was no difference in the number of identified proteins between the two procedures. Forty different proteins were annotated (Table 1) .
Discussion
Recently we reported that a protease inhibitor in the hemolymph of the silkworm has binding ability against lipopolysaccharide from invading Escherichia coli.
14)
Using PMF analysis, we examined the changes of polypeptides in the hemolymph, fat body, and midgut upon lipopolysaccharide injection into a silkworm larva, and found that several polypeptides were induced. 15) The analysis is thus very effective for comprehensive studies. PMF analysis consists of 2-DE, in-gel proteolytic digestion, MALDI-TOF MS, and database searching in that order. Although 2-DE is capable of resolving several hundred proteins simultaneously, the successive procedures are never done so efficiently without utilizing a specially designed high-priced device. Although even a minor amount of protein can be visualized after 2-DE, the successive procedures need larger amounts of sample and require repeated 2-DEs yielding multiple gels. The storage conditions of 2-DE gel have thus become a requirement worthy of consideration. In this study, we examined differences in results obtained from PMF analysis using wet or dry gels, with the goal of using routinely a dry gel for proteomics of insect extracts. First, we resolved a model protein BSA by 2-DE, stored the resulting gels under wet or dry conditions, and then digested BSA in the excised gels with trypsin. The use of BSA as a model protein instead of an unknown protein mixture was beneficial, because we could clearly check whether both the experimental results and the database search were valid. The recovery of peptides from digestion could thus be measured by directly comparing the amounts applied to 2-DE with those extracted from the gels. The recovery increased with the amount of BSA applied and was independent of storage conditions. For the highest amount of BSA tested, recovery from both wet and dry gels reached 80%. These results suggest that the drying of the gel and its storage under dry conditions never affected the overall efficiency of the in-gel digestion of a protein or subsequent extraction of peptide fragments from a piece of gel. Based on a comparison of results from MALDI-TOF MS of the peptides in terms of number of peaks detected, S/N ratio, and resolution, it was determined that the dry gel procedure never induces unfavorable modifications of protein. A search in the SWISS-PROT database identified the protein as BSA independently of storage conditions and with a high MOWSE score. The utility of the dry gel procedure for analysis of a mixture of silkworm proteins was also confirmed. Forty protein spots were sampled from more than 1,000 spots, in such a way that they covered approximately 60% of the total protein subjected to 2-DE. The measurements of peptide amounts from in-gel tryptic digestion indicated that for each spot, the ratio of the amount from dry gel to that from wet gel is distributed around 1.0. Furthermore, the results from the use of dry gel were quite similar to those of wet gel by the following criteria: similarity in MS spectrum, same proteins identified, similar number of matching peptides, and similar extent of sequence coverage. Based on these results, the dry-gel method was also confirmed to be effective for PMF analysis of unknown proteins. Panfilov and Lanne reported the utility of using dry gel for proteomics of an extract of rat white adipose tissue. 8) Their results imply the utility of dry gel. They analyzed only five spots from a 2-DE gel. Proteins corresponding to the spots ranged from pI 4.9 to 7.5 and from 16 to 47 kDa (values from the SWISS-PROT database). They did not describe the peptide recoveries from the gel, because model proteins were not used for comparison between dry and wet gels. On the other hand, the 40 samples we examined covered a wider range: pI 4.9-11.1; 15 to 102 kDa (Table 1) . In their method, a 2-DE gel was dried at 50 C for 5 h under a vacuum. Avoiding possible modification and decomposition of proteins, we set shorter times and higher temperatures. A few reports have noted that 2-DE gels stored under dry conditions (so-called archived 2DE gel) are useful, although such a heating procedure was not positively used for the preparation of dry gels. 7, 16, 17) Dihazi et al. examined the utility of dry gels using rabbit muscle aldolase as a model protein. They dried a gel in a sandwich between two cellophane sheets. 7) They compared mass spectra from in-gel tryptic digestion of aldolase and reported that there was no difference between mass spectra from dry and wet gels. Their results support ours in part, but they did not describe the values of parameters such as recovery of in-gel digestion, number of MS peaks, S/N ratio, or resolution. It has been reported that the in-gel tryptic digestion of proteins resolved on a 2-DE gel 6-17 years ago is successful and that the resulting peptides can be analyzed by MALDI-TOF MS, although model experiments might be difficult in these cases. 7, 16, 17) The procedure for drying gels, including storage conditions, has therefore been one of the important techniques in proteomics. In conclusion, using a known protein and a mixture of unknown proteins in wide pI and molecular size ranges, we found that the 2-DE procedure using a dry gel is reliable for proteomics of insect tissue extracts.
